Pathogenic spirochetes are the causative agents of several important diseases including syphilis, Lyme disease, leptospirosis, swine dysentery, periodontal disease and some forms of relapsing fever. Spirochetal bacteria possess two membranes and the proteins present in the outer membrane are at the site of interaction with host tissue and the immune system. This review describes the current knowledge in the field of spirochetal outer membrane protein (OMP) biology. What is known concerning biogenesis and structure of OMPs, with particular regard to the atypical signal peptide cleavage sites observed amongst the spirochetes, is discussed. We examine the functions that have been determined for several spirochetal OMPs including those that have been demonstrated to function as adhesins, porins or to have roles in complement resistance. A detailed description of the role of spirochetal OMPs in immunity, including those that stimulate protective immunity or that are involved in antigenic variation, is given. A final section is included which covers experimental considerations in spirochetal outer membrane biology. This section covers contentious issues concerning cellular localization of putative OMPs, including determination of surface exposure. A more detailed knowledge of spirochetal OMP biology will hopefully lead to the design of new vaccines and a better understanding of spirochetal pathogenesis.
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Introduction
Spirochetes are the etiological agents of several important animal and human diseases, such as syphilis, Lyme disease and leptospirosis. The genomic sequences of three pathogenic spirochetes (Treponema pallidum, Borrelia burgdorferi and Leptospira interrogans) have recently been determined, providing insights and facilitating the development of tools for molecular analysis. The spirochetal outer membrane forms the interface between the cell and its external environment. The outer membrane thus serves as a selective barrier that excludes some molecules, whilst simultaneously allowing entry of appropriate nutrient solutes. The selective permeability of the outer membrane is due to the inherent physico-chemical properties of the membrane itself and to the action of specific binding and uptake molecules associated with the outer membrane. Amongst pathogenic spirochetes the outer membrane is also the part of the cell that comes into direct contact with the host. During infection the spirochetes must contend with the hostile defenses of the host and be able to colonize the host tissues. The molecules associated with the outer membrane, particularly those exposed on the bacterial surface, must mediate these interactions with the host. Spirochetal outer membranes are composed primarily of phospholipids, outer membrane proteins (OMPs) and in some instances lipopolysaccharide (LPS). This review will focus on spirochetal OMPs, in particular aspects of their biogenesis, their functional significance with particular regard to pathogenesis, and their role in immunity. The final section of the review is dedicated to experimental considerations in spirochetal outer membrane biology.
Biogenesis and structure of OMPs
Escherichia coli has served as a paradigm for the study of protein secretion in bacteria. However, the absence of genetic exchange systems for some spirochetal species and the difficulty in generating isogenic mutants in others have hindered the investigation of protein secretion in spirochetes. Homologues of the E. coli sec and signal recognition particle (SRP)-related genes that encode proteins involved in secretion have been found in every bacterial genome sequenced, including those of the pathogenic spirochetes. Analysis of spirochetal transmembrane proteins and lipoproteins suggests that biosynthesis and secretion of membrane proteins in spirochetes is not vastly different from those of other bacteria.
The signal peptide and Sec machinery
All the spirochetal OMPs studied to date are synthesized with a signal peptide at their N-terminus, which initiates export of the protein and is subsequently cleaved following translocation. Although signal peptides do not share sequence homology, they share common structural features. Signal peptides of both lipoproteins and nonlipoproteins possess 1-3 positively charged residues at their N termini followed by approximately 9-15 mixed hydrophobic and neutral amino acids and a consensus cleavage site for a signal peptidase [1] . Signal peptides of lipoproteins are cleaved by lipoprotein signal peptidase (Lsp) and transmembrane OMPs are cleaved by leader peptidase (Lep); thus, the respective signal peptides possess different consensus sequences for their corresponding enzymes [2] . Ala-XAla at positions )3 to )1 is the most commonly observed sequence preceding the cleavage site used by Lep, with other small amino acids with neutral side chains also apparent [3] . Genetic studies in E. coli suggest that substitution of alanine at position )3 of the Lep cleavage site with glycine, serine, leucine, threonine, valine or cysteine will also permit cleavage [4] . In addition, substitution of alanine at position )1 of the Lep cleavage site with serine, glycine or cysteine was also shown to result in a cleavable signal peptide. It should be noted that the substitution of cysteine in the )1 and )3 positions might have resulted in cleavage of the signal peptide by the inadvertent construction of an Lsp cleavage site. Several OMPs that are processed by Lep also harbor the sequence Ala-X -Ala-X -Ala at positions )5 to )1, constituting an alternate processing site, which is of unknown significance [5] . Features of signal peptides from some well characterized nonlipoprotein OMPs or transmembrane OMPs of spirochetes are shown in Table 1 .
The Lsp cleavage site always precedes a cysteine and possesses the consensus sequence [L,V,I] À3 [A,S,T,G,] À2 [G,A] À1 C þ1 , which was established based on comparison of 26 lipoprotein sequences from a diverse group of bacteria [6] . This four-residue consensus specifies at least one match to the first two positions and precise matches to the final two. Subsequent studies of spirochetal lipoproteins revealed that proteins with disparate Lsp cleavage sites could still be lipid modified. The sequences of 26 [7] . More generally, a small neutral amino acid in the )1 position and a hydrophobic residue at )2, )3 or )4 seems to suffice for processing. The spirochetal Lsp consensus sequence is thus less stringent, with the absence of hydrophobic residues in the )3 position compensated for by the substitution of hydrophobic residues in the )4 and also variably in the )2 position. It has been postulated that a lower rate of protein synthesis in spirochetes may have permitted genetic drift of the spirochetal Lsp cleavage site [7] . Alternatively, the specificity of the spirochetal Lsp may simply differ from that of other bacteria. Predictions of lipoprotein signal peptidase cleavage sites by Psort are inaccurate for spirochetal lipoproteins because the Psort algorithm was based on E. coli lipoprotein sequences.
Recently, an improved lipoprotein signal peptide prediction algorithm, LipoP, has been described which has improved performance for spirochetal lipoproteins [8] and is available on the internet (www.cbs.dtu.dk/services/LipoP/). Features of signal peptides from some well-characterized spirochetal outer membrane lipoproteins, that have been demonstrated experimentally to be lipid modified, are shown in Table 2 .
The molecular mechanisms of protein secretion have not been elucidated in spirochetes. However, the genome sequences of B. burgdorferi, T. pallidum and L. interrogans encode homologues of the proteins involved in secretion, suggesting that a similar secretion pathway exists in the spirochetes. As nascent E. coli OMPs emerge from the ribosome their signal peptides are targeted by a ribonucleotide complex called the SRP, which is composed of the Ffh protein and a 4.5S-RNA species [9] . The mature parts of the proteins are bound by chaperones such as SecB, which together with SRP target the nascent OMPs to the preprotein translocase within the cytoplasmic membrane [10] . The preprotein translocase is a protein complex comprised of a dimer of SecA-ATPase on the inner side of the cytoplasmic membrane, a heterotrimeric core of SecY, SecE and SecG that spans the membrane, and SecD and SecF situated on the periplasmic side of the cytoplasmic membrane [11] . On arrival of the nascent protein at the preprotein translocase it binds to SecA via interaction with the signal peptide [12] , an interaction which may be Table 2 Signal peptides of some well-characterized spirochetal outer membrane lipoproteins
B. hyodysenteriae MNKKIFTLFLVVAASAIFAVSC a Positively charged residues at the N-terminus are indicated in bold, strongly hydrophobic amino acids comprising the hydrophobic region of the signal peptide are underlined and the consensus sites for Lsp are double underlined. 
T. pallidum MHQNSPKQCHLIRERICACVLALGMLTGFHAFGSKDAAA a Positively charged residues at the N-terminus are indicated in bold, strongly hydrophobic amino acids comprising the hydrophobic region of the signal peptide are underlined and the consensus sites for Lep cleavage are double underlined.
additionally mediated by the affinity of SecA for the SecB chaperone [13] . SecB is then dispelled and the SecA-ATPase sequentially pushes small stretches of the protein through the SecYEG transmembrane channel, whilst SecD and SecF contribute by stabilizing SecA in the membrane [13] .
Biogenesis of outer membrane lipoproteins
In E. coli, after cytoplasmic membrane translocation, proteins are lipid modified and cleaved in a three step biosynthetic pathway by enzymes located in the cytoplasmic membrane [14] . Initially, prolipoprotein diacylglyceryl transferase (Lgt) transfers a diacylglyceryl group (containing two fatty acids) from phosphatidylglycerol to the sulfur atom of the cysteine at position +1 relative to the Lsp cleavage site. Subsequently, Lsp cleaves the signal peptide making the cysteine the new N-terminal amino acid. Finally, a third fatty acid is transferred from a membrane phospholipid to the nitrogen atom of the cysteine by apolipoprotein transacylase (Lnt). Homologues of the lipoprotein biosynthetic enzymes Lgt, Lsp and Lnt can be found in the spirochetal genomes sequenced thus far, suggesting that biosynthesis of lipoproteins is similar amongst the spirochetes [7] . However, most bacteria analyzed have lipoproteins with homologous acylation profiles [15, 16] , whereas the spirochetal lipoproteins examined appear to have heterogeneous fatty acid compositions [17] . This seems to suggest that the spirochetal lipoprotein biosynthetic enzymes Lgt and Lnt may have different specificities for fatty acids. B. burgdorferi lipoproteins possess glyceryl residues acylated predominantly with oleic and linoleic acid, whilst the amide-linked fatty acid on the cysteine is predominantly stearic acid [17] . Interestingly, lipid modification of B. burgdorferi lipoproteins has been shown to be important in pathogenesis and immunity [18] [19] [20] [21] , a property which may well be attributable to their unique lipid composition.
Lipoproteins become associated with membranes via hydrophobic interaction between the lipid moiety and the membrane. Lipoproteins may be sorted to one or more locations including the periplasmic face of the cytoplasmic membrane, the inner leaflet of the outer membrane and the outer leaflet of the outer membrane. The mechanism of sorting of lipoproteins to these subcellular locations has been examined in E. coli and appears to be mediated by the amino acid residue in the +2 position relative to the Lsp cleavage site [22] . It is presumed that the +2 amino acid determines the ultimate cellular location of the nascent lipoprotein by interaction with the lipoprotein shuttle LolA [23] . In E. coli, aspartic acid, proline and tryptophan in the +2 position are thought to cause retention in the cytoplasmic membrane, whilst phenylalanine, glycine and tyrosine serve as ambiguous signals, with the resultant lipoprotein distributed in both the cytoplasmic and outer membranes [22] . All the other residues appear to direct lipoproteins to the outer membrane. However, very recently it was shown that the environment around the +2 sorting signal can influence the ultimate cellular localization of the protein, thus demonstrating that the +2 amino acid cannot always be relied upon to determine lipoprotein localization [24] . Nascent lipoproteins form a complex with LolA [23, 25] . On recognition of the outer membrane sorting signal, lipoproteins are released in an ATP-dependent manner from the cytoplasmic membrane, by a process mediated by an ATP-binding cassette transporter LolCDE [26, 27] . The resultant LolA-lipoprotein complex is hydrophilic and can traverse the periplasm [23] and interact with an outer membrane lipoprotein receptor LolB, which mediates anchoring in the outer membrane [25] . Interestingly, sequences with significant similarity to the lol genes can be identified only in L. interrogans, suggesting that lipoprotein sorting may differ between species of spirochetes. In addition, examination of known spirochetal lipoproteins revealed no clear correlation between ultimate cellular location and the amino acid in the +2 position. Possibly, conformation plays a greater role than amino acid sequence in determining the localization of spirochetal membrane lipoproteins.
Biogenesis of transmembrane OMPs
After translocation of transmembrane OMPs across the cytoplasmic membrane by the Sec machinery and cleavage of their signal peptides by Lep, they arrive at the outer membrane. In contrast to the lipoproteins, trafficking of nonlipoprotein OMPs beyond the cytoplasmic membrane and their subsequent integration into the outer membrane is not well understood. What little work has been done on outer membrane trafficking and insertion has been carried out in E. coli, which can only serve as a starting point for investigations of these processes in the spirochetes. One hypothesis explaining the translocation of transmembrane OMPs from the cytoplasmic to the outer membrane involves passage through the periplasm rather than probably artifactual Bayer junctions [28] .
It has been speculated that LPS is intimately involved in OMP assembly and thus insertion into the bacterial outer membrane, a contention that is supported by some of the experimental data. LPS has been shown to be essential for the trimerization of porins in outer membrane vesicles [29, 30] and E. coli rough mutants display inefficient porin trimerization [31, 32] . However, neither B. burgdorferi nor T. pallidum have LPS, but they still possess transmembrane OMPs, suggesting that LPS may not be essential for folding and insertion of these proteins into the outer membranes of spirochetes. These spirochetes have been noted to have a paucity of transmembrane OMPs, which may be due to a hampered ability to assemble and insert these proteins into the outer membrane in the absence of LPS. Recently, several proteins thought to be involved in OMP assembly in E. coli have been identified. Some of these proteins such as Skp and OstA/Imp cannot be detected in any of the published spirochetal genome sequences, whilst others like SurA are variably present [33] [34] [35] [36] [37] [38] [39] . One exception is the highly conserved Omp85 of which clear homologues are apparent in all the published spirochetal genome sequences [40] . The absence of several of these proteins seems to suggest that assembly and insertion of OMPs into the outer membrane is at least partly different in the spirochetes.
Spirochetal OMP structure
Spirochetal outer membranes contain at least three kinds of proteins: lipoproteins tethered to either side of the membrane via their lipids, transmembrane proteins that span the membrane and recently described peripheral OMPs, which are associated with the outer membrane but are not transmembrane membrane proteins. Transmembrane proteins situated in bacterial cytoplasmic membranes span the membrane via transmembrane a-helices, whereas all characterized outer membrane transmembrane proteins are predicted to span the membrane by forming structures called b-barrels [41] . Notable exceptions are p13 and p66 of B. burgdorferi, which are predicted to span the outer membrane with hydrophobic a-helices [42, 43] .
The structures of several spirochetal outer membrane lipoproteins thought to be important in infection and immunity have been solved (Fig. 1) . OspA is an abundant immunogenic lipoprotein of B. burgdorferi. Unlipidated recombinant OspA was co-crystallized with the Fab from a murine monoclonal antibody (MAb) [44] and the structure was elucidated [45] . OspA consists of four b-sheets, formed by 21 antiparallel b-strands and a C-terminal a-helix. However, the three-dimensional structure of another B. burgdorferi lipoprotein, OspC, revealed a dimer of two protein molecules each comprising five parallel a-helices and two short b-strands [46, 47] . The preponderance of helical structure in OspC is striking in contrast to OspA, which is mostly b-sheet (Fig. 1) . The structure of VlsE, a B. burgdorferi lipoprotein that undergoes antigenic variation through an elaborate gene conversion mechanism, was recently determined [48] . The VlsE structure was different again from the other two structurally characterized spirochetal lipoproteins, containing eleven a-helices and four short b-strands. Although the VlsE structure is distinct from that of OspC, the structures share general features including neighbored N/C termini and long helices forming the proximal portion of the molecule (Fig. 1 ). Most notably, OspC exhibits heterogeneity in the sequence corresponding to the surface of the membrane distal region, a pattern also found for the VlsE molecule [48] .
To date, no structural characterization of any spirochetal transmembrane OMPs has been performed. However, all structurally characterized bacterial transmembrane OMPs characterized thus far have been found to share a b-barrel structure [41, 49] . The b-barrel consists of antiparallel b-sheets possessing alternating hydrophobic and hydrophilic residues, which can span the membrane in as few as ten amino acids [50] . The bbarrel structure is able to traverse the outer membrane since the hydrophobic residues of the amphipathic bsheets are exposed on the exterior of the molecule, whilst the hydrophilic residues are concealed within the interior of the structure. Periplasmic and surface-exposed loops connect the membrane spanning b-sheets [51] . It is generally assumed that outer membrane transmembrane proteins all share this b-barrel structure, because the Fig. 1 . The crystal structures of three spirochetal (B. burgdorferi) outer membrane lipoproteins: OspA (A), VlsE (B) and OspC (C). b-Strands are represented as yellow arrows and a-helices are shown as red helices. This image was generated using the published PDB file for each structure (available from the Protein Data Bank) and the computer program DeepView [300] .
presence of transmembrane a-helices would prevent these proteins from traveling beyond the cytoplasmic membrane during biogenesis. Several bioinformatic approaches to identifying b-barrels have been developed [52, 53] . For example, a topological model of the leptospiral transmembrane OMP OmpL1 revealed predicted transmembrane amphipathic b-sheets, short periplasmic turns and surface exposed loops (Fig. 2) .
OMP function in pathogenic spirochetes
OMPs, in particular those exposed on the cell surface, are in position to interact with the environment or to contribute to pathogenesis by interacting with the host. In other bacterial pathogens functional characterization of OMPs has revealed diverse roles for these molecules, including iron uptake [54] [55] [56] [57] , antimicrobial peptide resistance [58, 59] , multi-drug resistance [60, 61] , bile resistance [62, 63] , diffusion pores [64] , adhesion [65] , invasion [66] and serum resistance [67] [68] [69] [70] . Several studies have revealed differential expression of OMPs when spirochetes are shifted between conditions representative of the environment or the arthropod vector and the mammalian host. These expression differences are presumably for the purpose of adapting to different environmental conditions and thus it seems reasonable to assume that the proteins up regulated in the mammalian host either aid survival of the spirochetes in vivo and/or contribute to pathogenesis. For example, when B. burgdorferi is shifted between temperatures, representative of a shift between the tick vector and the mammalian host, the expression of several OMPs thought to be involved in infection is increased [71] [72] [73] [74] . Global expression analysis of the L. interrogans outer membrane proteome also revealed changes in expression in response to simulated in vivo conditions [75] . These Ôin vivo expressedÕ OMPs are thought to be involved in pathogenesis though their functions have yet to be determined; it is anticipated that further characterization will reveal completely novel functions for some of these proteins.
Adhesins
To initiate infection bacteria must adhere to tissues in order not to be removed by the physical defenses of the host, such as ciliary action in the respiratory tract. Once adhered, bacteria can begin colonization of the host tissues. Adhesins are bacterial proteins, glycoconjugates or lipids that initiate colonization by mediating adhesion between the bacteria and the host cell surface [76, 77] . These adhesins can have affinity for specific host cell receptors (which upon binding can induce secondary effects), plasma proteins or components of the extracellular matrix (ECM).
3.1.1. B. burgdorferi decorin binding proteins B. burgdorferi is commonly found in association with collagen fibers in the ECM [78, 79] . Initial analysis [80] suggested that colonization of these collagenous tissues may be mediated by spirochetal surface adhesins binding specifically to the collagen-associated proteoglycan decorin [81] . Two adhesins of B. burgdorferi recognizing decorin, lipoproteins with apparent masses of 18-20 kDa called decorin-binding proteins A and B (DbpA and DbpB, respectively), were identified [82] . Subsequently, analysis of 30 DbpA sequences from different isolates revealed five conserved lysine residues [83] . When these individual lysine residues were mutated to alanine, recombinant DbpA was no longer able to bind decorin, suggesting that three of the conserved residues are required for decorin binding. It is interesting to hypothesize that the decorin binding proteins might be involved in B. burgdorferi tissue tropism as decorin is found in various tissues, including the skin and joints, which are typically associated with Lyme disease. Significantly, DbpA antibodies can prevent infection, illustrating the importance of adhesion in the pathogenesis of Lyme disease [84, 85] .
B. burgdorferi fibronectin binding protein
When B. burgdorferi lysates were separated by SDS-PAGE and probed with alkaline phosphatase-labeled fibronectin, a 47-kDa fibronectin-binding protein was identified [62] . This protein was localized to the outer membrane, based on susceptibility to proteinase K, and the fibronectin region bound by the 47-kDa fibronectinbinding protein was mapped to a gelatin/collagen-binding domain. The 47-kDa fibronectin-binding protein was then purified by affinity chromatography and subjected to mass spectrometry, revealing that the protein was encoded by the bbk32 gene of B. burgdorferi. Recombinant BBK32 was found to bind fibronectin and inhibit the attachment of B. burgdorferi to fibronectin-coated slides. Later studies mapped the ligand-binding domain of BBK32 to 32 amino acids [62] . Analysis of BBK32 from several B. burgdorferi isolates revealed that the ligandbinding domains shared sequence identity with each other and with the fibronectin-binding peptide defined for protein F1 of Streptococcus pyogenes. The similarity between the ligand-binding regions of these proteins suggests a common mechanism of cellular adhesion for B. burgdorferi and S. pyogenes, in which binding of fibronectin deposited on cell surfaces or of soluble fibronectin that subsequently binds host cell surface molecules, such as integrins, facilitates adherence [86] [87] [88] .
burgdorferi demonstrates high hemagglutinating activity [89] and hemagglutination has often been associated with lectin (sugar-binding) activity [90] . In an attempt to identify proteins involved in binding glycosaminoglycans (GAGs)/proteoglycans (molecules containing long disaccharide repeats of hexosamine and highly sulphated galactose or hexuronic acids attached to a protein core) cell fractions with hemolytic capacity were analyzed for proteins with GAG-binding activity [89] . A 26-kDa protein, Bgp, was identified on the basis of its ability to bind heparin and erythrocytes. Bgp was localized to the B. burgdorferi cell surface. Recombinant Bgp agglutinated erythrocytes and inhibited binding of B. burgdorferi to either purified GAGs or cultured mammalian cells. GAGs are expressed by virtually all eukaryotic nucleated cells [91] and the presence of a GAG binding ligand in B. burgdorferi is consistent with the multisystemic nature of Lyme disease.
B. burgdorferi b 3 -chain integrin binding protein
Using a filamentous phage display library of B. burgdorferi, Oms66 a transmembrane OMP previously described as a porin [92] , was identified as a ligand for b 3 -chain integrins [93] . In this study, E. coli cells expressing surface exposed Oms66 were found to attach more readily to cultured cell lines expressing b 3 -chain integrins and binding of B. burgdorferi and recombinant Oms66 to b 3 -chain integrins were found to be mutually exclusive. It seems plausible that Oms66/P66 would play a role in adhesion early during infection, because integrins would be exposed on the surface of uninflammed tissue, whilst ECM components would not become accessible to the other B. burgdorferi adhesins until later during infection.
3.1.5. B. burgdorferi outer surface protein A B. burgdorferi inside the midgut of unfed ticks expresses the lipoprotein OspA [94] . When ticks begin feeding on the mammalian host, expression of OspA decreases, whilst the expression of another lipoprotein OspC increases [95] . The crystal structure of OspA reveals a cavity with partially buried charges in the Cterminus, which may be a binding site for a negatively charged ligand with some hydrophobic character [45] . In agreement with the structural analysis performed, it was suggested that OspA functions as a plasminogen receptor [96] . It is postulated that when OspA binds plasminogen it accelerates the formation of active plasmin (which cannot be regulated by host serpins) that degrades high-molecular-weight glycoproteins such as fibronectin [97] . Seemingly, this resultant degradation of host molecules would endow the organism with increased invasive ability. Although infections of plasminogen knock out mice revealed that B. burgdorferi disseminated equally well in these animals, it was determined that plasminogen is required for efficient dissemination in feeding ticks and for enhancement of spirochetemia in mice [98] . This finding is not surprising given that expression of OspA is down-regulated during the early stages of contact with the host. Subsequent analysis has suggested that OspA also binds the tick midgut, which may facilitate attachment of B. burgdorferi to the midgut, whilst conversely repression of OspA may instigate detachment during tick feeding thus mediating transmission from the tick vector to the mammalian host [99] . Another Borrelia lipoprotein OspB shares 53% identity with OspA [100] and may share a similar function.
T. pallidum laminin binding protein
The T. pallidum genome was analyzed for predicted open reading frames (orfs) that encode putative OMPs and recombinant proteins corresponding to these orfs were analyzed for their ability to bind the ECM protein laminin [101] . The protein encoded by the T. pallidum orf Tp0751 was found to have specific laminin binding activity higher than that of the S. aureus laminin-binding protein [102] , and to not have affinity for other ECM components. To determine the contribution of carbohydrate moieties to Tp0751-laminin attachment, the oxidative effect of sodium metaperiodate was exploited and it was found that laminin oligosaccharides play a role in interaction of Tp0751 with laminin. In addition, it was found that serum from natural syphilis infections recognized Tp0751, indicating that this protein was expressed during infection, consistent with the notion that Tp0751 functions as an adhesin during T. pallidum infection.
3.1.7. T. denticola major surface protein T. denticola Msp is 116-200 kDa oligomer, comprised of a 53 or 64 kDa protein (depending on the strain), that has been demonstrated to be highly surface exposed and which can be observed by electron microscopy to form hexagonal arrays covering the T. denticola surface (Fig. 3 ) [103, 104] . Msp appears to play a role in adherence of T. denticola to host cells, as Fabs derived from antibodies raised against Msp prevent adhesion of T. denticola to gingival fibroblasts [104] . In addition, recombinant Msp has been shown to adhere to the ECM components fibronectin and laminin [105] . Subsequently, it was argued that Msp has a predominantly periplasmic location whilst exhibiting only limited surface exposure [106] , a viewpoint which is hard to reconcile given the prior evidence of surface exposure and the adhesive function associated with this protein.
Leptospiral immunoglobulin-like (Lig) proteins
A family of surface-exposed leptospiral proteins has recently been described with a structural organization similar to that of bacterial adhesins [107, 108] . Like the Yersinia pseudotuberculosis invasin and E. coli intimin proteins, the leptospiral proteins have repeated immunoglobulin-like domains, and for this reason have been designated Lig (leptospiral Ig-like) proteins. LigA and LigB appear to be inserted into the outer membrane as lipoproteins and have 10-11 immunoglobulin-like domains. LigB has a unique carboxyterminal nonrepeat domain. Loss of Lig protein and lig RNA transcript expression is correlated with loss of virulence during culture attenuation of pathogenic strains. Thin section immunoelectron microscopy was performed, demonstrating surface-exposure of the Lig proteins. Studies are ongoing to determine whether the Lig proteins play a role in host cell attachment and invasion during leptospiral pathogenesis.
Serum resistance
Human and animal sera exhibit bactericidal activity primarily through the action of the complement system [109] . Complement is a system of plasma proteins that can be activated by antibody or lectins binding to the pathogen surface or by the pathogen surface itself. Once the complement system is activated it leads to a cascade of reactions resulting in the generation of active components with various effector functions. Bound complement components such as C3b are recognized by complement receptors on phagocytic cells and thus serve to opsonize pathogens. The cleavage fragments of complement proteins C3, C4 and C5 also serve to recruit phagocytes to the site of infection. The larger C5b fragment triggers the assembly of the membrane attack complex that can result in lysis of bacterial cells. The activity of complement components is modulated by a system of regulatory proteins that prevent tissue damage as a result of inadvertent activation of the complement system. Factor H controls activation of complement by acting as a co-factor in the cleavage of C3b, accelerating the decay of C3 convertase and preventing the formation of C3 convertase by competing with factor B for binding to C3b. Gram-negative bacteria have developed multiple strategies to protect themselves from the bactericidal effects of complement, utilizing LPS, capsule or OMPs [110] [111] [112] [113] . OMPs generally promote resistance to complement-mediated killing by preventing the activation of complement cascades and/or by blocking the formation of the membrane attack complex.
B. burgdorferi Erp lipoprotein family
The Erps constitute a family of surface-exposed lipoproteins that are defined by sharing sequence homology with OspE and OspF proteins. A panel of B. burgdorferi surface proteins was analyzed by surface plasmon resonance to search for ligands for the complement regulatory protein factor H [114] . OspE was identified as a specific ligand for factor H. Using recombinant constructs of factor H, the binding site for OspE was localized to the C-terminal short consensus repeat domains 15-20. Binding of factor H to OspE on the B. burgdorferi surface may help the organism to evade complement-mediated opsonophagocytosis and direct killing. Interestingly, it has been suggested that the ability of B. burgdorferi to express a range of Erps with specificities for factor H of different animal species may provide a mechanism for its wide mammalian host range [115] .
B. afzelli complement resistance proteins
Two OMPs that bind factor H and factor H-like protein 1 (FHL-1) were identified in complement-resistant B. afzelli by ligand blotting [116] . These were termed complement regulator acquiring surface proteins (CRASPs) and further characterized as CRASP-1, a 27.5-kDa molecule which interacts preferentially with FHL-1 present in all borreliae tested, and CRASP-2, an approximately 20-kDa protein which interacts preferentially with factor H. Subsequent studies suggest that each borrelial isolate expresses distinct CRASPs, which can be differentiated by their mobility and binding phenotypes [117] . Borrelia can be classified as resistant, intermediate-sensitive or sensitive to the bactericidal effects of normal human serum [113] . Differences in complement sensitivity amongst B. burgdorferi sensu lato have been attributed to the relative capacity of the different species to bind factor H [118] . It is interesting to speculate whether the sensitivities of different Borrelia isolates to normal human sera correlate with the possession of one or more of the CRASPs and OspE. Conspicuously, the molecular weight of OspE approximates that predicted for CRASP-2 suggesting that these proteins may be the same.
Porins
Porins form water-filled pores that permit passive diffusion of solutes across the outer membrane lipid bilayer [64] . Porin proteins, like other transmembrane OMPs, have a b-barrel structure and depending on their physicochemical properties take up either a monomeric or trimeric conformation in the outer membrane [49] . Variation in their structures confers specificity, with some functioning as general diffusion pores and others as substrate-specific channels [64, 119] . Porin activity is usually confirmed by adding the protein under investigation to lipid bilayer membranes and observing stepwise increases in membrane conductance, a technique referred to as Ôblack lipid bilayer experimentationÕ [120] . Using experimentally derived values, the diameter of the porin pore can estimated using the equation K ¼ rpr 2 =l, where K is the single channel conductance in nanosiemens, r is the specific conductivity determined, r is the radius of the channel, and l is the length of the channel [121] .
Porins often have other activities in addition to their porin function. Surface exposed porin loops can activate host signal transduction pathways [122] , serve as adhesins [123, 124] or act as receptors for bacteriophages [125] . One porin has also been shown to incorporate into the cytoplasmic membranes of host cells, which is thought to facilitate uptake of intracellular bacteria [126] . Variation in porin expression or sequence has been demonstrated to play an important role in antimicrobial resistance [127] [128] [129] . Porins have also been shown to activate complement [130, 131] , modulate inflammatory and immunological responses [132, 133] and to enhance immune evasion by variation of their surface exposed loops [134] .
Several spirochetal porins have been characterized; the properties attributed to them are detailed in Table 3 . The spirochetal porins can be divided into two classes, those which exhibit small single channel conductance, as is the case for TROMP1, OmpL1, Oms28, or large single channel conductance, as observed for p13, Oms66 and Msp (Table 3 ). It seems feasible that the possession of porins with different selectivity may allow organisms such as Borrelia to contend with different environmental milieu, such as the tick midgut and the mammalian host. By this logic, Leptospira that has to contend with an aquatic environment as well as that of the mammalian host should possess additional, as yet undefined, porins. As observed for other bacteria, several spirochetal porins have additional functions attributed to them and some appear to play a part in immunity to infection (Table 3) . It has been suggested that hemolysins are important in the pathogenesis of leptospirosis [135, 136] . Some of these hemolysins have been cloned, sequenced and found to encode phospholipases or sphingomyelinases, which act on erythrocytes and possibly other cell membranes containing phospholipids [137] [138] [139] . Using a portion of the sequence encoding sphingomyelinase C in plaque hybridization experiments, a clone containing two genes with hemolytic capacity was isolated from an L. interrogans serovar Lai genomic library [140] . One of the genes was termed sphH and was postulated to encode a pore-forming hemolysin. The other gene termed hap-1 exhibited minimal hemolysis, but when expressed alongside sphH exhibited a higher hemolytic activity than either gene alone. At approximately the same time an identical gene to hap-1 was found to encode the leptospiral MOMP LipL32 [141] .
Vsp-OspC of Borrelia
The etiological agent of relapsing fever B. turicatae is classified into the serotypes A and B solely on the basis of its expressed variable membrane proteins (VMPs) VspA and VspB, respectively [142] [143] [144] . The B. turicatae Vsp proteins are related to the Vsps of Borrelia hermsii and the OspC proteins of B. burgdorferi [145] . When severe combined immunodeficient (SCID) mice were infected with serotype A strains of B. turicatae, early invasion of the brain by spirochetes was observed [146] . In contrast, infection with serotype B strains resulted in increased numbers of spirochetes in the blood and joints [142, 146] . This may be explained by the different physicochemical properties of the VspA and VspB proteins. VspA, which is associated with invasion of the central nervous system, is more hydrophobic than other members of the VspOspC family, whilst VspB, which is associated with high numbers of spirochetes in the blood, has a more basic isoelectric point (pI) than other members of this protein family [143] . Hence, it has been postulated that the Vsp-OspC family of proteins may be involved in tissue tropism of Borrelia species [147] .
3.4.3. CTLP/dentilisin of T. denticola T. denticola expresses a chymotrypsin-like protease (CTLP), whose native form has a mass of approximately 100 kDa and consists of three proteins of 72, 43 and 38 kDa [148] . The 72-kDa protein contains the protease domain and has been designated dentilisin (PrpT) [149] . Recently the two smaller proteins were found to be the cleavage products of a single 70-kDa protein designated PrcA [150] . CTLP functions as a propyl-phenylalaninespecific protease and degrades the ECM components collagen IV, fibronectin and laminin [151, 152] . It is suspected that CTLP plays a key role in tissue invasion by hydrolyzing the surrounding substances and mediating migration through the basement membrane. In the mouse abscess model, PrpT mutants induce smaller abscesses, which resolve faster than those induced by wild-type T. denticola [153] . The PrpT mutants also possess less MSP oligomer and do not exhibit their [105, 155] typical surface hexagonal array, suggesting that dentilisin may also play a role in the biosynthesis and assembly of Msp [154] .
Msp of T. denticola
The T. denticola OMP Msp has been demonstrated to have porin activity and to play a role in adhesion [105, 155] . Patch clamp recordings of HeLa cells exposed to purified T. denticola outer membrane complexes, containing Msp, revealed depolarization and increased conductance of the HeLa cell membranes [156] . This suggests that Msp can insert into host cell membranes and form diffusion channels. Subsequent analysis has shown that Msp lyses erythrocytes and is cytotoxic for a variety of cell types, including periodontal ligament epithelial cells [157] . Using a series of elegant experiments it was demonstrated that Msp exerts its effects on fibroblasts by retarding Ca 2þ release from endoplasmic reticulum stores and inhibiting subsequent Ca 2þ influx by uncoupling store-operated channels, which is thought to instigate actin filament rearrangement [158] . These properties of Msp have been suggested to contribute to the cytopathic effects of T. denticola on host epithelial cells that are observed in periodontal disease.
HbpA and HbpB of T. denticola
Iron is an essential nutrient for most bacteria, with B. burgdorferi and T. pallidum being notable exceptions [159, 160] . T. denticola does not appear to use siderophores to sequester iron [161] and thus may rely on other mechanisms for iron acquisition. Some gramnegative organisms utilize surface hemin-binding proteins to bind heme, which is subsequently transported into the cells by a protein complex containing TonB [162] . When T. denticola is grown under iron limiting conditions it expresses a 44-kDa OMP with hemin binding capacity, HbpA [163] . Subsequent analysis revealed a gene encoding another hemin binding protein HbpB downstream of hbpA, that was also induced under iron limiting conditions [164] . Neither the HbpA or HbpB sequences contain TonB boxes, suggesting that the iron acquisition pathway in which these proteins participate is TonB independent. These novel heminbinding proteins may work in concert with the T. denticola hemolysin [165, 166] , binding hemin released from lysed erythrocytes, thereby acquiring iron from the host and thus contributing to pathogenesis.
The role of spirochetal OMPs in immunity
Although it is a topic of much controversy, it is generally accepted that the pathogenic spirochetes are extracellular pathogens, which are only transiently observed inside cells during translocation through epithelial cell barriers [167] [168] [169] [170] . In addition, work investigating immunity to spirochetal infection has revealed that immune clearance is largely mediated through the actions of complement and antibody, which either directly kill spirochetes or target them for subsequent opsonophagocytosis [171] [172] [173] [174] [175] . In the case of syphilis there appears to be a concomitant role for adaptive cellular immunity [176] , but the basis of immunity to T. pallidum remains controversial [172] . On account of these findings, stimulation of protective immunity to spirochetal infection is generally reliant on the identification of surface antigens, which are targets for bactericidal and/or opsonic antibody.
To elicit protective immunity to spirochetal infection it is considered a necessity that any putative protective antigens be exposed on the spirochetal surface so that antibody can bind the intact viable organisms and target them for immune clearance. Consequently, much heated debate surrounds the identity of antigens which are surface exposed and what techniques can legitimately be used to demonstrate surface exposure [7, 106, [177] [178] [179] [180] . It has been suggested that the reason T. pallidum is particularly effective at evading the host immune response is due to an absence of surface exposed lipoproteins and a paucity of transmembrane OMPs [181] . It has been suggested by the same group that B. burgdorferi evades the host immune response by also having a paucity of transmembrane OMPs, but instead of having no surface exposed lipoproteins, possesses lipoproteins with limited surface exposure [180, 181] . They have speculated that during infection a global down-regulation of surface antigenic sites occurs [178] . The suggested lack of surface exposure of these antigens provides an overly pessimistic viewpoint, which can be quelled by the knowledge that several of these proteins must be exposed on the cell surface to fulfill their required functions and by the fact that vaccination with some of these OMPs can elicit various degrees of immunoprotection [182] [183] [184] [185] [186] .
As well as being accessible to antibody on the spirochetal surface, any putative OMP-based vaccinogen must be expressed during either initial colonization of the host or during subsequent stages of infection. For example, the leptospiral outer membrane lipoprotein LipL36, which is exclusively located on the periplasmic face of the outer membrane [187] and down-regulated during infection [188] would be an unlikely protective immunogen. Similarly, the surface-exposed brachyspiral outer membrane lipoprotein SmpA [189] that is also down-regulated during infection [190] is unlikely to elicit immunoprotection.
In addition to these requirements, an ideal vaccinogen would be conserved amongst different strains of an infective spirochete and not be subject to antigenic variation. For T. pallidum and B. burgdorferi that do not possess LOS or LPS [191] [192] [193] , OMPs are the sole targets for protective immunity. However, other pathogenic spirochetes such as Brachyspira and Leptospira possess LOS or LPS and antibody directed to these molecules is either protective or correlated with protective immunity [194] [195] [196] . LOS or LPS are unsuitable vaccinogens for several reasons, one being that these molecules are extremely heterogeneous and stimulate immunity only against homologous strains [195, [197] [198] [199] [200] . Akin to the variation exhibited by LOS or LPS, some OMPs exhibit significant sequence heterogeneity [134, 201, 202] . For example, antibodies to OspC are able to prevent as well as resolve B. burgdorferi infection, making this protein a particularly attractive vaccine candidate [203] . However, this protein exhibits considerable sequence heterogeneity and thus may not be able to provide heterologous protection [202] . The problems associated with the design of vaccines based on heterogeneous molecules may sometimes be circumvented in two ways: by finding an epitope of the molecule conserved between strains or by designing a multi-valent vaccine, in which a discrete number of components is utilized to avoid problems associated with antigenic competition [204] [205] [206] [207] . OMPs that are subject to antigenic variation, where the organism continually varies its surface antigens during an infection to prolong survival and avoid host antibody [208] , are also unlikely to effectively stimulate protective immunity.
Spirochetal OMPs with putative roles in stimulating protective immunity

B. burgdorferi Osps
Early studies revealed that vaccination of mice with recombinant OspA, OspB or OspC elicited immunoprotection to challenge with B. burgdorferi [184] . Antiserum raised to each recombinant protein revealed that only OspA and OspB antibodies had borreliacidal activity. Subsequently, there were several reports of MAbs against OspB, which exhibited complement-independent bactericidal properties [209] [210] [211] [212] . Interestingly, Fabs isolated from these MAbs retained bactericidal activity, suggesting that their killing ability was not mediated by agglutination. Binding of one of these MAbs, designated CB2, was observed to result in the formation of polar blebs (comprised of antigen-antibody complexes) followed by the formation of spheroplasts and cell lysis [211] . Later studies demonstrated that the CB2 MAb induces a conformational change in OspB that by unknown means triggers cell lysis [213] . Subsequently, isolates were discovered containing mutations in the OspB coding sequence that resulted in the loss of the neutralizing epitopes [214] [215] [216] . More recent investigations have revealed that the B. burgdorferi strains expressing the mutated OspB protein were still susceptible to the bactericidal effects of OspB antibody [217] . It has been shown that OspB is expressed in the tick midgut, but is subsequently cleared from the spirochete surface on contact with the host [218] . On first analysis, the absence of expression within the host would seem to suggest that this molecule would be unsuitable for use as a vaccinogen. However, antibodies to another B. burgdorferi OMP, OspA, have been shown to block transmission of spirochetes from the tick to the mammalian host [219] .
Inside the tick midgut B. burgdorferi expresses OspA in large amounts [94] , but as the tick begins feeding the expression of OspA is down-regulated and rapid synthesis of another outer membrane lipoprotein OspC begins [95] . A human trial of an OspA based vaccine (LYMERix TM ) found it to be safe and 76-92% effective [220, 221] . It is believed that the protection afforded by this vaccine results from the action of anti-OspA antibodies, which on taking of the blood meal by the tick, appear to kill B. burgdorferi in the tick midgut and prevent dissemination to the tick salivary glands [222] . Direct killing of spirochetes in the tick occurs in the absence of complement, which has been demonstrated inside ticks, offering an explanation of why vaccine efficacy is critically dependent on anti-OspA antibody titer [223, 224] .
Misperceptions that LYMERix TM had a high incidence of serious side effects, despite findings to the contrary by the Food and Drug Administration (FDA), resulted in reduced use of the vaccine. The first year LYMERix TM was available on the market (it was approved by the FDA in December 1998), hundreds of thousands of people were vaccinated, yet as misperceptions spread it was predicted that fewer than 10,000 people would seek vaccination in 2002 and due to a lack of demand GlaxoSmithKline stopped production of LYMERix TM in February 2002 [225] . It has been postulated that OspA may trigger an autoimmune response against the leukocyte antigen LFA-1 in certain individuals, which could lead to the development of autoimmune arthritis [226] , thereby raising concerns regarding the use of OspA as a vaccine antigen.
One reason that OspA made such a suitable vaccine was that it shows very little heterogeneity within genospecies of Borrelia [227] [228] [229] , perhaps because it was not subject to the same immune selection in the invertebrate host that OspC is subjected to in the mammalian host. Several interesting immunological findings have resulted from investigations of OspA. For example, it was found that lipidated OspA was more immunogenic in animals [21] and humans [230] , illustrating that post-translational modification of some proteins may be required for them to effectively stimulate immunoprotection. Even more interestingly, one investigation revealed that OspA functioned as a potential mucosal adjuvant, being more than 500-fold more effective than lipopeptides or the lipid alone, suggesting that there is something particularly immunostimulatory about the OspA molecule [231] . It has also been found that the OspA protein, which is protease resistant, shields the transmembrane OMP Oms66/P66 from anti-Oms66/P66 antibodies and proteases [232] . Hence, OspA may serve to protect Oms66/P66 from the action of proteases or host antibody whilst inside the tick, and later during infection, when Oms66/P66 would be exposed it would be able to fulfill its function of binding b 3 -integrins.
Initial experiments demonstrated that purified native OspC was capable of eliciting immunoprotection in gerbils [233] . Subsequently, Probert and LeFebvre [184] demonstrated that immunization of mice with recombinant OspC also stimulated homologous protection to challenge with cultured B. burgdorferi. In another study it was demonstrated that recombinant OspC could protect mice from challenge with B. burgdorferi via tick transmission [234] . Following feeding on immunized hosts, ticks were found to still harbor B. burgdorferi, suggesting that the mechanism of protection was not a result of destruction of the spirochetes within the tick. In addition, it was found that administration of gel-purified recombinant OspC was no longer able to afford protection, suggesting a requirement for conformational epitopes in OspC-mediated immunoprotection. The OspC sequence was known to be highly polymorphic amongst different isolates [235] [236] [237] [238] and it was thought that this may preclude its use as a vaccinogen, particularly if isolates from the same locality exhibited diverse OspC sequences. A study investigating the variation in OspC sequence from B. burgdorferi isolated from 40 infected deer ticks in a single locality revealed that 97 out of 189 OspC amino acid residues were polymorphic [202] , seeming to suggest that OspC might exhibit too much variation to ever be useful as a vaccinogen.
B. burgdorferi DbpA
The B. burgdorferi surface exposed lipoprotein, DbpA, that functions as an adhesin [82] is expressed in vivo and has been shown to protect mice from infection with culture-derived spirochetes in several studies [84, 85] . DbpA antiserum also afforded passive protection in mice, even when administered four days after challenge [183] . In addition, vaccination with recombinant DbpA, but not OspA, was able to afford mice immunoprotection to challenge with plasmaderived B. burgdorferi [239] . An analysis of DbpA sequence heterogeneity from B. burgdorferi sensu lato isolates, revealed 58.3-100% similarity amongst the 30 strains analyzed, with 26 of 30 sharing greater than 90% similarity [240] . Despite the heterogeneity observed in the DbpA sequences of different isolates, most of the strains were vulnerable to killing by the same DbpA antiserum, suggesting that DbpA may be a suitable candidate for inclusion in a vaccine that would provide heterologous protection. In a promising step towards a second generation Lyme disease vaccine, a synergistic response was noted when both OspA and DbpA were used together. Mice immunized with OspA/DbpA and challenged with culture-derived B. burgdorferi exhibited protection against 100-fold higher challenge doses than when either antigen was administered alone [241] .
T. pallidum TROMPs
Serum derived from immunization of a mouse with outer membrane vesicles of T. pallidum was demonstrated to kill treponemes in a complement-dependent killing assay at titers of up to 44 [242] . Absorption of this antiserum to remove antibody reacting with outer membrane associated lipoproteins, resulted in an even higher killing titer of 1408, suggesting that antibodies directed towards TROMPs (Treponemal Rare Outer Membrane Proteins) were mediating killing. In support of this suggestion, both immune rabbit serum and the absorbed mouse serum raised against outer membrane vesicles were observed by freeze-fracture analysis to aggregate transmembrane OMPs (Fig. 4) . In a subsequent study, aggregation of TROMPs was correlated with immunity to T. pallidum by assessing the degree of TROMP aggregation caused by sera from curatively treated rabbits exhibiting various degrees of immunity [243]. Interestingly, it was noted that antibody-mediated aggregation of the TROMPs, which takes 8-16 h in vitro, is the rate-limiting step for complement activation and killing [244] . Aggregation of TROMPS in vivo would presumably occur over an extensive period, which may account for the protracted onset of protective immunity observed during T. pallidum infection. Antiserum to recombinant TROMP1 has not been found to elicit significant levels of killing activity [242] , which may be due to the absence of conformational epitopes present in the native TROMP1 protein.
T. pallidum TprK
There has been much controversy over whether the TprK protein of T. pallidum is surface-exposed, the target of opsonic antibody and a protective immunogen [179, 245] . In a recent study, TprK fragments found to be consistently recognized by antisera from infected rabbits were used to immunize rabbits that were subsequently subjected to intradermal challenge with T. pallidum [246] . Rabbits immunized with a fragment corresponding to the N-terminus of TprK had lesions that were 75% less likely to contain treponemes and 63% less likely to ulcerate. These results do not clarify whether TprK is a surface protein as other sub-surface proteins have been shown to elicit similar responses [247] [248] [249] . Comparison of the TprK sequences of several isolates of T. pallidum has revealed seven discrete variable regions in all but one isolate [250] . It has recently been demonstrated that antibody responses to TprK during infection are primarily directed against these variable regions [251] , seeming to suggest that TprK is under immune selection as a result of antibodies binding viable and intact cells during infection. Not surprisingly, it has been hypothesized that the TprK variable regions may be involved in antigenic heterogeneity and in evasion of the immune response [250] .
OmpL1/LipL41 leptospiral surface proteins
Co-administration of the surface-exposed leptospiral OMPs OmpL1 and LipL41 was shown to mediate partial synergistic immunoprotection in the hamster model of leptospirosis [185] . In contrast to the vaccine synergism observed between OspA and DbpA [241] , neither leptospiral antigen alone was able to elicit protective immunity. LipL41 is an outer membrane lipoprotein [252] and OmpL1 is a transmembrane porin [253] , making it tempting to speculate that the observed synergy is a result of the unmasking of sterically hindered protective epitopes on the surface exposed loops of OmpL1 by binding of LipL41 antibodies. In B. burgdorferi, the outer membrane lipoprotein OspA has been shown to prevent access of antibody and proteases to the transmembrane OMP Oms66/P66 [232] . However, until a method for developing isogenic mutants in pathogenic leptospires is developed, any steric hindrance of OmpL1 by LipL41 remains speculative. One of the interesting findings of this study was that the observed synergistic immunoprotection could not be elicited without using membrane forms of the proteins. The reasons for requirement of membrane forms may be 2-fold, with the immunostimulatory properties of LipL41-attached lipid being required for immunogenicity and/or the membrane conformation of the OmpL1 porin being required to conserve conformational epitopes. Future analysis of these proteins should involve a comprehensive assessment of sequence heterogeneity amongst different leptospiral isolates to see if these proteins would be likely to stimulate heterologous immunity.
Leptospiral LipL32/Hap-1
Adenovirus containing the ompL1 or lipL32/hap-1 genes was accessed for its ability to stimulate immunoprotection in gerbils, either singly or in combination [186] . The adenovirus vector containing the lipL32/hap-1 gene stimulated partial, but significant, protection which was not enhanced by the addition of adenovirus carrying the ompL1 gene; virus bearing ompL1 alone was not protective. Hence, in this study no vaccine synergy was noted when an outer membrane lipoprotein (LipL32/ Hap-1) and a transmembrane OMP (OmpL1) were administered together. This lends credence to the hypothesis that the synergy observed in the study by Haake et al. [185] , was a result of a specific interaction between LipL41 and OmpL1. However, the adenovirus-encoded LipL32/Hap-1 and OmpL1 would undoubtedly not contain the post-translational lipid modification and any conformational epitopes, which are likely to be associated with the membrane forms of these proteins, and which were found to be critical for immunoprotection in the study performed by Haake et al. [185] .
Antigenic variation of spirochetal OMPs
4.2.1. Variable membrane proteins of relapsing fever borreliae B. hermsii, a causative agent of relapsing fever, exhibits multiphasic antigenic variation [254] . The cyclic acute and afebrile episodes exhibited during relapsing fever are correlated with bouts of spirochetemia, followed by clearance of spirochetes and re-emergence in the blood of spirochetes exhibiting a different serotype [255] . The serotype of a B. hermsii cell is dependent on its major surface antigen, of which there are approximately 30 that can be divided equally into two families: variable large proteins (Vlps) and variable small proteins (Vsps) [256] [257] [258] . B. hermsii utilizes at least three mechanisms to vary its surface proteins whilst circulating in the blood [208] . One mechanism involves recombination between a linear plasmid containing silent vls and vsp genes, and another linear plasmid containing an active vls or vsp gene, resulting in the replacement of the gene currently in the active expression site with another [259, 260] . The gene replacement is thought to be mediated by recombination between homologous sequences at the 5 0 and 3 0 ends of all silent and expressed vmp loci. In some instances incomplete recombination occurs and chimeric vmp genes are formed through genomic rearrangement, constituting another mechanism for varying B. hermsii surface proteins [261, 262] . Additional sequence heterogeneity may also be derived from hypermutation of the 5 0 end of vmp genes that is apparent following certain genomic rearrangements [263] . It has been postulated that B. hermsii may also vary the expression of its surface antigens by switching the active expression site. A second expression site has been found [264] , whose activation is concomitant with silencing of the first expression site [265] . However, activation of the second expression site has been associated with tick, but not mammalian infection [266] .
Other relapsing fever Borreliae, including B. recurrentis [267] , B. crocidurae [268] and B. turicatae [144] also have vlp and vsp genes, but less is known about the mechanisms of antigenic variation amongst these organisms.
B. burgdorferi VMP like system (Vls)
Akin to relapsing fever borreliae, B. burgdorferi also has a system of recombining an expression locus with silent loci. It possesses a Vls comprising 15 silent vls loci (vls cassette) adjacent to a single expression locus (vlsE) [269] . During infection gene replacement events occur, in which portions of the silent vls loci recombine with corresponding regions within the vlsE expression locus, with the potential to produce millions of antigenic variants [270, 271] . Analysis of three-dimensional structure of the VlsE outer membrane lipoprotein demonstrates that the membrane-distal surface of the protein is comprised primarily of the variable regions, thus masking the invariant regions [48] and presumably preventing antibodies from binding the more conserved parts of the molecule. Interestingly, antigenic recombination of the Vls was found to occur at a faster rate in immunologically intact mice than in SCID mice [271] . It is tempting to speculate that the antigenic variation endowed by the Vls may account for the persistence of B. burgdorferi in the mammalian host.
Scope for antigenic variation in B. hyodysenteriae
The tandem arrangement of paralogous genes encoding membrane proteins is a common theme in B. hyodysenteriae. Two vsp loci encode eight 39-kDa proteins which share high levels of similarity [272] [273] [274] . One of these, Vsp39, has been shown to be the predominant B. hyodysenteriae surface protein. The blpG-FEA operon encodes four paralogous outer membrane lipoproteins, of which only one has been shown to be expressed [275] . The presence of tandem paralogous genes in bacteria is rare and the presence of three loci containing paralogous genes in B. hyodysenteriae is conspicuous, particularly in light of the small portion of the genome that has been sequenced. The retention of these paralogues over time suggests that under certain conditions these proteins are expressed and serve essential functions, suggestive of antigenic variation.
Spirochetal OMPs and inflammation
Spirochetal OMPs, particularly lipoproteins, play a major role in the activation of the host inflammatory response. As in many infectious diseases, inflammation during spirochetal infections is a double-edged sword. Inflammation is essential for defense against infection, yet on the other hand, much of the host tissue damage is a result of the inflammatory response. Inflammation of tissues at sites of infection is a unifying feature in the manifestation of spirochetal diseases. Invasion of periodontal tissues by oral treponemes results in periodontitis, dissemination of organisms to the kidney in leptospirosis results in interstitial nephritis, the inflammatory skin lesions of primary and secondary syphilis are highly infectious, and B. burgdorferi can be isolated from cutaneous erythema migrans in Lyme disease. During spirochetal infections, inflammation results from both the innate and acquired immune response. The innate immune system provides a rapid response to a variety of bacterial products, including LPS, lipoproteins, peptidoglycan, and DNA. Lipoproteins appear to play a dominant role in activation of innate immunity during spirochetal infections. Peptidoglycan, DNA, and LPS probably play a secondary role, if any. LPS is absent from the outer membranes of T. pallidum and B. burgdorferi, and the LPS of pathogenic Leptospira species is a much less potent mediator of the innate immunity than LPS of typical gram-negative bacteria [276] .
Spirochetal membranes are richly endowed with lipoproteins, which activate the innate immune response via the CD14 receptor and Toll-like receptor 2 (TLR2). Initial studies demonstrating reactivity to spirochetal lipoproteins were performed in vitro using cell lines transfected with genes encoding CD14 and TLR2 [276] [277] [278] . The importance of TLR2 in activation of innate immunity by lipoproteins has been confirmed more recently in studies showing that cells from TLR2-deficient mice are unable to respond to B. burgdorferi lipoproteins, despite exposure to 1000-fold greater concentrations than those necessary for activation of cells from wild-type mice [279] . Cells from TLR2-deficient mice are able to respond to sonicated B. burgdorferi, indicating a role for nonlipoprotein components of these bacteria [279] . Activation of cells from TLR2-deficient mice required 100-fold greater concentrations of sonicated B. burgdorferi, indicating the critical role of lipoproteins in activating innate immunity. The innate immune response appears to play a critical role in defense against B. burgdorferi infection. In B. burgdorferi infection of TLR2-deficient mice there was a 100-fold greater bacterial burden in tissues and a much greater amount of ankle swelling compared to wild-type mice [279] . These differences persisted long after development of the humoral immune response, which appeared to be similar in TLR2-deficient and wild-type mice.
TLR2 is also important, though not essential, for the humoral immune response to OspA [280] . Immunization of TLR2-deficient mice with lipidated OspA resulted in significantly lower levels of OspA-specific total IgG, as measured by OspA ELISA. However, this generalization did not apply to the IgG1 isotype, and OspA immunization protected TLR2-deficient mice from B. burgdorferi infection to a similar degree as in wildtype mice. The adjuvant property of OspA lipid modification was required for TLR2-independent antibody production, as there was no humoral immune response to unlipidated OspA in either wild-type or TLR2-deficient mice. The principles underlying outer membrane isolation in spirochetes rely on an understanding of their unique architecture. In spirochetes, the peptidoglycan cell wall is more closely related to the cytoplasmic membrane than the outer membrane [281] . This unique spirochetal architecture results in a much more unstable outer membrane than in typical gram-negative bacteria, where the outer membrane is stabilized by its close association with the cell wall. In enteric gram-negative bacteria, lipoproteins, such as the murein lipoprotein of E. coli in the periplasmic face of the outer membrane, stabilize the outer membrane by tethering it to the cell wall. In contrast, little is known about what features of the spirochetal outer membrane allow it to remain intact (see below). The instability of the spirochetal outer membrane is evident from micrographs of cultivated spirochetes showing spontaneous formation of outer membrane blebs.
One of the most fundamental questions to be addressed regarding any bacterial protein is its cellular location. Double-membrane bacteria, such as spirochetes, have at least five compartments. Working from the inside out, these are: the cytoplasm, the cytoplasmic membrane, the periplasm, the outer membrane, and the extracellular space. The properties of spirochetal proteins that determine the compartment in which they are found have been addressed earlier in this review. This section is devoted to a discussion of approaches to spirochetal fractionation, and determination of whether a protein is a component of the spirochetal outer membrane.
Is it an outer membrane protein?
Given the emergence of large amounts of genomic sequence data, the researcher is frequently faced with knowing relatively little about a putative spirochetal OMP, other than its sequence. Hydropathy analysis of protein sequences can be carried out with programs such as TMpred (www.ch.embnet.org/software/ TMPRED_form.html) and THHMM (www.cbs.dtu.dk/ services/TMHMM/). Proteins containing excessive predicted a-helical structure are unlikely to be exported to the outer membrane and can usually be discounted. Subsequent analysis using bioinformatic software, such as Psort, is useful in identification of signal peptides by detection of an aminoterminal hydrophobic alphahelical region. However, Psort cannot be relied on to determine whether signal peptides of spirochetal proteins are cleavable, and if so, by which signal peptidase. The current generation of outer membrane prediction tools such as LipoP (www.cbs.dtu.dk/services/LipoP/) and Psort-b (www.psort.org/psortb/) make predictions of cellular location based on several criteria such as the presence of appropriate signal sequences and their corresponding cleavage sites, homology to other proteins of known location, presence of certain motifs associated with OMPs and amino acid composition.
Lipoproteins can be found either in the cytoplasmic membrane, the outer membrane, or in both membranes. Moreover, they may be anchored in the inner or outer leaflet of the outer membrane and thus be located predominantly in the periplasm or on the outer surface. Initially, it is important to determine whether the protein in question is, in fact, a membrane protein. The first step in the process is to produce purified recombinant protein for use in generating specific antiserum. This antiserum is essential to assess location of the protein by immunoblot.
Isolation of the spirochetal outer membrane
Isolation of the total membrane fraction
All bacteria are easily separated into membrane and soluble fractions. Disruption techniques such as sonication, freeze-thaw, or passage through a French pressure cell are followed by low speed centrifugation to remove incompletely fragmented organisms. Ultracentrifugation of the supernatant should then be performed in the presence of protease inhibitors [282] . The ultracentrifugation pellet is the total membrane fraction containing the sum of the cytoplasmic and outer membranes, including the peptidoglycan if lysozyme is omitted from the lysis buffer. The soluble supernatant fraction consists of the cytoplasm and periplasm. Isolation of the total membrane fraction in the presence of lysozyme allows further discrimination of integral membrane proteins from peripheral membrane proteins. Treatment of the total membrane fraction with buffers containing high salt, high pH (Na 2 CO 3 ), or urea is used to remove proteins that are membrane-associated, but not integrated into the hydrophobic core of the phospholipid bilayer.
Detergent-based approaches for isolation of the outer membrane
Treatment of spirochetes with detergents is a convenient way to solubilize OMPs. When used at a sufficiently high concentration, almost any ionic or nonionic detergent is effective in the solubilization of spirochetal OMPs. Nonionic detergents have an advantage over ionic detergents, such as SDS, in that they are less likely to denature the protein. At low concentrations, nonionic detergents may selectively solubilize the spirochetal outer membrane, and leave the cytoplasmic membrane (stabilized by the cell wall) intact. It is thought that the nonionic detergents Triton X-100 and Triton X-114 are able to solubilize membrane proteins at low concentrations because their hydrocarbon tails are able to substitute for phospholipids in their interaction with membrane proteins. The importance of the cell wall in the possible selectivity of nonionic detergents for solubilization of the spirochetal outer membrane is consistent with their selective solubilization of the cytoplasmic membrane of typical gram-negative bacteria [283] . Triton X-114 has the unique feature of a low cloud point that, upon warming the detergent extract to 37°C, allows phase partitioning into a detergent-rich hydrophobic fraction and a detergent-poor hydrophilic fraction. Membrane proteins typically partition into the Triton X-114 hydrophobic fraction, which is useful in distinguishing between periplasmic and outer membrane proteins. However, it is important to remember that some integral membrane proteins fractionate aberrantly into the Triton X-114 hydrophilic fraction [284] .
Caveats
It is essential to be aware of several caveats when utilizing detergents for isolation of spirochetal outer membranes. The first caveat is that some nonionic detergents are able to efficiently solubilize cytoplasmic membrane proteins, even at low concentrations. For example, treatment of T. pallidum with Triton X-114 results in solubilization of its 47-kDa lipoprotein, Tpp47, initially thought to be an outer membrane protein. However, subsequent thin-section immunogold electron microscopy studies and isolation of the outer membrane in the form of membrane vesicles (see below) demonstrated that Tpp47 is actually a cytoplasmic membrane protein [285] [286] [287] . For this reason, detergent fractionation of T. pallidum membranes should be considered unreliable. In other spirochetes, such as Leptospira species, the results obtained with detergent fractionation are comparable to other methods [288] . However, in any organism, it is essential to examine the behavior of known cytoplasmic membrane and outer membrane controls to establish the selectivity of the membrane fractionation experiment. Another caveat is that treatment of spirochetal membranes with nonionic detergents may trigger proteolysis of membrane proteins. The leptospiral lipoproteins LipL32 and LipL48 are completely digested, possibly by an endogenous protease, during the phase partitioning step after Triton X-114 solubilization. A third caveat, that should be taken into account in studies requiring intact secondary structure, is that membrane proteins may be partially or totally denatured after detergent solubilization.
Isolation of the spirochetal outer membrane vesicles
Efforts to establish more reliable membrane fractionation approaches have resulted in development of methods for isolation of spirochetal outer membranes in the form of membrane vesicles. These methods have been developed for isolation of the outer membrane of T. pallidum [285, 287] , T. vincentii [285] , B. burgdorferi [289] [290] [291] , and L. kirschneri [288] . All of these methods rely on the relatively low buoyant density of spirochetal outer membranes for separation from the denser cytoplasmic membrane by sucrose density gradient ultracentrifugation. Unlike similar approaches utilized for typical gram-negative bacteria, these outer membrane vesicle isolation techniques do not rely on passage through a French pressure cell, and instead rely on the inherent instability of the spirochetal outer membrane. Buffers used in the spirochetal outer membrane isolation techniques appear to destabilize the spirochetal outer membrane and favor its release in the form of vesicles. Spontaneous release of outer membrane vesicles avoids the artifactual formation of hybrid inner membraneouter membrane vesicles as a result of the high sheer forces involved in passage through a French pressure cell. An essential component of the buffers used in spirochetal outer membrane vesicle isolation techniques are chelators of divalent cations, either in the form of EDTA or citrate. This is consistent with the known property of divalent cations, particularly magnesium or calcium, to stabilize the spirochetal outer membrane. Some of these methods utilize low or high pH buffers to destabilize the outer membrane, suggesting that salt bridges are also important in stabilizing the spirochetal outer membrane. Those who utilize the hypotonic citrate approach should be aware that low pH causes endoflagellar disruption. Another caveat is that acidic and alkaline pH conditions have the potential of releasing lipoproteins from their lipid anchors. Aside from these caveats, isolation of spirochetal outer membranes in the form of membrane vesicles is superior to the detergent based approaches. Combined with genomic sequence data, proteomic studies of outer membrane vesicle components are poised to usher in a much richer understanding of the spirochetal outer membrane. Knowing that a protein is a component of the outer membrane is not necessarily predictive of surface-exposure. OMPs that are surface-exposed are more likely to be relevant to mechanisms of pathogenesis and/or serve as a target for protective immunity. Lipoproteins or peripheral membrane proteins may be restricted to either the outer face or the inner (periplasmic) face of the outer membrane. We do not yet understand the signals that determine whether, and under what circumstances, proteins are sorted to one face of the outer membrane or the other. The structure of transmembrane OMPs would imply exposure on both faces of the outer membrane. However, some transmembrane OMPs may be shielded by other outer membrane components. For example, access of antibody and trypsin to the transmembrane protein p66 on the B. burgdorferi surface is restricted by outer surface lipoproteins [232] . For these reasons it is essential to rely on empirical evidence for surface exposure. There is a number of useful approaches to assessment of surface exposure of spirochetal OMPs. These surface-exposure assays have different advantages and disadvantages. An important principle underlying these studies is to keep in mind that the spirochetal outer membrane is easily disrupted by manipulation of the organism. For this reason it is essential to identify subsurface control proteins to demonstrate that the outer membrane is intact. Another principle is to utilize complementary measures of surface-exposure to help validate conclusions.
Thin-section immunogold electron microscopy
Thin-section immunogold electron microscopy should probably be considered the gold standard for assessment of surface-exposure [108, 292] . Organisms are centrifuged, fixed, embedded, and sectioned using methods designed to preserve the integrity of the outer membrane. The sections are placed onto electron microscopy grids and exposed to primary antibody followed by secondary antibody conjugated to gold particles. The advantage of thin-section electron microscopy is that it allows antibody to bind to all parts of the organism, both on the surface and in subsurface locations, offering a relatively unbiased approach to assessment of the distribution of the antigen in the organism. The power of this approach is offset by several disadvantages. If the protein of interest is not abundant, high antibody titers must be used (which creates the potential for nonspecific binding of gold particles), and if there are relatively few gold particles bound per organism, a significant number of organisms must be examined to obtain a statistical assessment of location. Conclusions should never be based on the location of gold particle binding in only a few organisms. It is essential to examine the location of a large number of gold particles and organisms, and ideally have the results scored by a blinded observer. It should be kept in mind that each immunoglobulin molecule is 8 nm in length. With a primary antibody, secondary antibody, and 10 nm gold particle, the distance from the antigen to the gold particle can be up to 25 nm, which corresponds to the thickness of the outer membrane. Gold particles observed on the outer surface of the outer membrane could potentially be the result of antibody binding to an antigen on the inner surface of the outer membrane. A further constraint is that some proteins may be denatured by the fixative used (commonly glutaraldehyde), thereby diminishing their reactivity with antibodies.
Whole cell immunogold electron microscopy
Thin-section immunogold electron microscopy requires expert electron microscopy technical support. Whole-cell immunogold electron microscopy is less technically demanding, and therefore more accessible. Both of these electron microscopy approaches benefit from the advantage that an assessment of whether the outer membrane of the organism in question is intact can be made from the images. If the controls are included and the results are unambiguous, conclusions regarding surface-exposure are certainly valid, though one needs to remember that this may not reflect the total distribution of the protein in the organism. An example is the finding that even though OspA had been shown to be surface exposed, subsequent thin-section IEM studies showed that the protein is distributed between the inner and outer membranes [292] .
Immunofluorescence (IF)
Another assay of surface-exposure requiring OMPspecific immunologic reagents is immunofluorescence. Immunofluorescence is especially useful when assessing surface-exposure of relatively abundant antigens. An advantage of immunofluorescence is that a larger number of organisms can be rapidly assessed. Images obtained by immunofluoresence are able to validate whether the organism in question is relatively intact, but unlike electron microscopy, immunofluoresence is unable to evaluate the integrity of the outer membrane. For this reason, care should be taken in organism preparation and in binding organisms to a microscope slide. Centrifugation should be avoided, since this can result in disruption of the outer membrane. Organisms are exposed to primary antibody, which is then washed away, followed by fluorescent-labeled secondary antibody. To evaluate the integrity of the organism, it is essential to include antibody to subsurface control antigens. A counterstain with a different emission wavelength is used to demonstrate that organisms are present in the field, but are not bound with antibody to the subsurface control antigen. Separate experiments should be performed with disrupted organisms to demonstrate that antibody to the subsurface control antigen is able to bind to native antigen in the format of the immunofluorescence experiment. A variation of IF has been developed that minimizes manipulation and potential OM disruption, involving encapsulation of organisms in agarose beads. Beads are then exposed sequentially to primary and secondary antibody. This approach has been used to visualize binding to subsurface antigens after exposure of agarose-encapsulated organisms to detergent [178] . It should be kept in mind that if the antibody was raised to a recombinant (nonnative) antigen, increased reactivity could be due to binding to nonnative epitopes resulting from detergent denaturation rather than exposure of a subsurface antigen. For this reason it is essential to determine whether antibody to subsurface control antigens is able to bind to the native protein.
Surface-immunoprecipitation
IEM and IF rely on having either OMP-specific antiserum produced by immunizing animals with recombinant protein, or MAbs. Surface-immunoprecipitation is a technique that also relies on binding of antibody to antigen on the spirochetal surface. However, unlike the previous approaches, surface immunoprecipitation can be performed with antiserum containing antibody to a pool of antigens. This allows the antiserum to be obtained from animals immunized with native antigen in the form of whole spirochetes. Use of antiserum containing antibodies to native surface and subsurface antigens ensures that when negative results are obtained, it is not because the antibody is unable to bind to the native antigen. Another advantage of this approach is that antibody can be added directly to a growing culture that has not been manipulated in any way. Unbound antibody is then washed away, the outer membrane solubilized in nonionic detergent (usually Triton X-100), and the antibody-antigen complexes isolated using staphylococcal protein A Sepharose [293] . Control experiments should be performed using disrupted organisms to demonstrate that subsurface control antigens can also be immunoprecipitated [252] .
Nonimmunologic approaches to assessment of surface exposure
Several nonimmunologic approaches are available for assessment of surface exposure. One of these approaches is treatment of intact organisms with proteases to demonstrate selective proteolysis of surface-exposed proteins. This has been used successfully in demonstrating surface-exposure of a number of B. burgdorferi outer surface proteins, including OspA and OspB [294] , OspC [238] , OspD [295] , OspE and OspF [296] , p66 [232] , and decorin-binding protein [82, 85] . When performing this procedure it is useful to perform the procedure with a range of protease concentrations. Surface-exposed proteins should be fully digested at a relatively low protease concentration. If relatively high protease concentrations are required to digest a protein, or only partial digestion is observed, it is possible that the result is an artifact produced by disruption of some of the spirochetes, or incomplete inactivation of the protease when preparing the organisms for SDS-PAGE at the end of the experiment. Another pitfall of this approach is that not all proteins are equally susceptible to even relatively nonspecific proteases, such as Proteinase K. This concern can be controlled for by treating mechanically disrupted organisms with equal concentrations of Proteinase K to demonstrate digestion of subsurface control proteins.
Another approach to identification of surface-exposed proteins is the use of biotin cross-linking agents [297] . Biotin cross-linking agents typically label primary amines which are located on the side chain of lysine residues and at the amino terminus. This feature means that biotin cross-linking agents can identify a broader range of surface-exposed proteins than proteases, including relatively nonspecific proteases such as Proteinase K, which rely on exposure of a protease cleavage site. Since biotin cross-linking agents are relatively small molecules, these agents are more sensitive than antibodies or proteases for detection of OMPs with limited surface-exposure. For this reason, small perturbations in outer membrane integrity could result in labeling of subsurface proteins, even when using nonmembrane permeable biotin cross-linking agents. A useful control is to react the biotin cross-linking agent with disrupted organisms to demonstrate reactivity with subsurface proteins not identified in intact organisms (Fig. 5) . Immunoprecipitation of biotinylated protein from a lysate of surface labeled cells adds the specificity required to demonstrate surface exposure of an individual protein.
A good negative control for this kind of experiment is immunoprecipitation of labeled subsurface protein from a biotinylated cell lysate and unlabeled subsurface protein from a lysate of surface biotinylated cells.
Surface exposure can also be examined using assays relevant to pathogenesis and/or immunoprotection. For example, evidence for a role of OMPs in adhesion strongly implicates surface exposure [82, 298] . Evidence for OMPs as immunoprotective targets has been obtained using OMP-specific antibodies with bactericidal activity [299] (with or without complement), opsonophagocytosis, blockade of attachment, aggregation of outer membrane particles [244] , and passive immunity [183] . Although these assays are indirect measures, they are powerful surrogates for assays of surface-exposure, and strongly implicate outer membrane proteins as targets of protective immunity. 
